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NOTICES

A

When U.S. Government drawings, specifications, or other data
are used for any purpose other than a definitely related Government procure-

R

ment operation, the Government there' y incurs nc responsibilicy nor any

obligation whatsoever, and the fe . that the Government may have formulated,
furnished, or in any way supplied the said drawings, specifications, or

bttt s

: other data, is not to be regarded by implication or otherwise, or in any
3 marnner licensing the holder or any other person or corporation, or conveying
3 any sights or permission to manufacture, use or sell any patented invention

that may in any way be related thereto.
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FOREWORD

Thia technical report 18 submitted by ltragystems, Inc.
in accordance with the provisions of Air Force Contract F04611-73~-C-0032
entitled "Non-Equilibrium Radiation Model for Exhaust Plumes* and has been
assigned Ultrasystems Report Number SN~8225/TR. The report was prepared
for the Air Force Rocket Propulsion Laboratory, Edwards Air Force Base, Californfa.

The purpnse of this report is to summarize all important V-V and
T-V relaxation rate information that has been collected unacr Phase I of this con-
tract. This report can be considered as a part of the final report required Zor
the subject contract. A comprehensive literature survey of the subject matter
has been conducted, and, in addition, theoretical methods have been used to estimate
relaxationrates for those processes for which no experimental data could be
found. The results contained in this report should prove tseful to those cur-
rently modeling the chemical kinetics of either exhaust plumes or lasers that
involve the molécules studied.

‘Work presented in this report began in November 1972 and v~
concluded in Mz~ 1973. The program was conducted within the Engines -
Sciences Departr -nt of Ultrasystems Inc. at their Irvine facility. This & t
was co-authored & Dr. Jay A. Blauer and Mr. Gary R. Nickerson. The &
Force Program Monit. was Lt. Peter C. Sukanek (AFRPL/DYSP).

This technical report has been reviewed and is approved.

Paul J. Daily
Colonel, USAF
Chief, Technology Division
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NOMENCLATURE
’ <f> molecular orientation averaging function.
k bimolecular rate constant in units of cc/mole-sec.
“ )3 quantum number for vibrationally induced rotational motion in COZ‘
als0 used as the range parameter of the repulsive potential function,
m reduced mass of the collision pair.
Mi the atomic weigh’ of the ith particle of a molecule.
;&s effective molecular weight for the sth vibrational mode.
I\7I reduced molecular weight of the collis. \n pair.
P~ transition probability
G the matrix element of the oscillators internal coordinate.
Q the quadropole moment,
s step number index of SSH theory
S

a statistical factor which accounts for the degeneracy of an
energy transfer process.

T absolute temperature in degrees Kelvin.
\Z vibrational quantum number
i Z average number of collisions required to cause a vibrational transition.
ZAB bimolecular collision frequency.
Ztr the contribution of relative translational motion to the value of Z

as described in the 38H theory.

A o & steric factor appearing in SSH theory.
Bs) oSC the contribution of vibrational motion from step s of an overail process
to the value of Z as described in the SSH theory,
o energy contributicn of dipole-dipole attraction.
Qz a function relating Cartesian and normal v:brational coordinate.
B enerygy contributior of dipole-quadropole attraction.
- aH enthalpy difference between an excited state and the ground state

sl change in the value of the quantum number, £ .
AV change in a vibrational quantum number,v

- 46 vibrational energy converted to translational motion in an nverall

energy exchange process.
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the Lennard-Jjones attractive potentiai.

the characteristic vibrational temperature of a molecule
the dipole moment,

Lennard-Jones collision diameter

transition moment,

vibrational wave function.
the change In vibrational frequency during the sth step.
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1. INTRODUCTION

Theoretical performance predictions of any combustion process
depend not only upot: assumptions regarding the species present but also

upon the nature of the reactions taking place. In rocket propulsion problems,
the simplifying assumption of thermodynamic equilibrium is usually made.

AT R R e

However, for some engines psirforming at altitude, there is convincing experi~
mentai and analytical evidence that nonequilibrium conditions exist in both
the nozzle and the freely expanding plume, Accordingly, an sccurate mathe-
maticai description of plume radiation must consider the kinetic events that
permit non-equilibriun: conditions to exist in the flowfield.

YRR T RS

i

In order to obtain useful estimates of the infrared radiation from
rlumes at altitude, it becomes necessary to know the rates of vibrational
energy transfer among the molecules that make up the plume fiowfield.
Although considerable information is available at the present timel'sc re-

garding energy transier between the major molecular species that make up
typical plume enviornments (i.e. COZ,CO, NZ,HZO, Hz), considerable
reliance must also b~ made upon theoretical estimates for the rates of pro-
cesses that have not .'een subjected to experimental investigation., Fortu-

nately, it is frequently possible by statistical or quantum considerstions tc

find relationships between known and unknown rate constants. In those cases

for which this is not possibie, recourse must be made directly t¢ available thec.y.

The prablem under consideration has obvious parallels to these
encountered in the mathematical description of the gas dynamic laser. As such,
we are able to rzly heavily upon the earlier review given by Taylor and Bitterman
conicemning rates of importance to the ('302~N2 laser systeml.
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2. MECHANISM

Vibrational energy transfers may be classified intc at least three
distinctive categories: Vibration-to-Translation (V-T), Vibration-to-Rotation-
to-T: inslation (V-R-T), and Vibration-to-Vibration (V-V). In addition, there
are two subgaroupings of V-Y processes depending upon whether the transfer
is intermolecular or intramolecular, Examples of each of these processes are
to be found in the following listing:

V-T Processc

CO, (010) + M + CO,{00%0) + s + 667 cm™Y, @)
H,0 (010) =M +H,0(000) + M +1595 cm™, (a")
H, (1) +M +H,(0) + M +4155 cm-l, (@™
‘v’-R;T Processes
GO, (0136) + OH +CO, (60%) + OH + 667 cm " ()
H,0010) +H, +H,0(000) + H, +1395 cm™] ')
N, Q) +H, N, (0)  + H, +233] em™ (b")
: V-Y Processes (intermolecular)
co, (oca) -+ NZ(O) + CO, (00°) + Nz(ﬁ + 19 et (=]
; H,0(010) +0,(0) » H,0(000) + O,() +39 em™ )
Nz(l) + 02({)) - NZ(O) + 02(1) +775 c:m"1 c*'")

i
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V-V Processes [intramolecular)
C0,(00°1) + M » CO,0120) + M + lgszem™ (@

CO,(0440) + M » CO,(00°) + M + 324cm™  (d)
H0(0) + M -+ H,0000) + M + 103em™, (@)

It has been suggested that in molecules with small moments of

inertia (e.g. OH, HZO' etc.) vibrational energy may be first transferred into
41,56,67

e

the rotational degrees of freedom rather than directly into translation
Co‘nvincing evidence has been presented which suggest that in ollicions with

hydride like species, polyatomic molecules such as 002 and H20 are Ceactivated
in this manner‘7 0' Accordingly, although the energy requirements for V-T and

V-R-T energy transfers are the same, a distinction has "een made here between

r

these processes and they are subsequently treated by aifferent theoretical methods.

Before proceeding further it is appropriate tc briefly review nomenclature
and the selection rules for vibrational transitions in CO2 'HZD‘ and the diatomic
molecuies.

Carbon dioxide is a linear triatomic molecule, and as such it has
three normal vibraticnal frequencies, one of which is degenerate. In addition,
by virtue of its linear nature, it has a vibrational rotation mode about its inter-

iy g i A " N ,‘“h&y‘“ i 4‘.;,‘, m.;‘\!m,“” ittt

nuclear axis. Accordingly, four quantum numbers are required to completely

-

specify its vibrational statesg. A typical spectroscopic symbol for this molecule

- .
A DA

will have the form 002 (mn£ p). The integers m,n, and p specify the values of
4 the three vibrational quantum numbers vl,vz . and vai whereas, the integer ¢

will be even or o4 depending upon whether v, is even or odd; furthermore, the
following relationship holds:

—— e
] T i TR

.£ = v2'v2-2,v2-4'000'1 O!' 0.
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During a radiative transition involving the Coz molecule, the
following selection rules describe the processes which are possible46

*

AV, = s 1,0,
£y = z 1,0,
AV, = I 1,0,
AL = I 1 whenever bV, = t 1,
Al = 0 whenever avy = 0.

These rules have a quantum mechanical origin and are based upon an assumption
that the molucular motions involved are simple harmonic. Herzfeld and his co-
we:u'kers61 have treated the collision induced transfer of vibrational energy from a
guantum mechanical standpoint. The basic assumption underlying their treatment
is that the minimum displacement X of the oscillator nuclei from their equilibrium
separation r during a collision is small compared to the instantaneous distance
x betwean the ‘nrident atom and the center of mass of the oscillators. They
expand the interaction energy U(x-X) as & power series in X akout r_ and neglect
all terms of order X®or higher. In this approximation, for harmenic ;scillators,
the above simple selection rules are shown to apply. More recently, Shuler and
Zwanzigéz have shown that for harmonic oscillators undergoing impulsive hard
sphere collisions of high energy, the simple selection rules break down and
multiquantum transiticas become possible. ‘lreanor ot a193 have treated the
problem on the basis of an anharmonic oscillator and find marked departure from
the model described here under conditions of high vibrational energy coupled
with low translational temperature. The net effect is to increase the rate of
relaxation when the vibrational energy is high, i.e. under conditions prevailing
when the energy inversion is large. Accordingly, as the temperature at which
the vibrationally excited species are produced is increased we will expect
increasing departure from the simple rules given above. Nevertheless, in line

with the assumptions of Herzfeld and other 1.15,22,6 and for the sake of brevity,

we will assume that the rules do apply.
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Due to an accidental degeneracy between the modes v. and Zv,, in CO

there is a mixing of the wave functions (linear combination) to form two new statea
that are assumed to be in Iocal equilibrium (Fermi resonance)

This equivalence
of states is designated by placing both sets cf symbols within the parenthesis
Actually, there are two states of slightly different energy that will then have the

same spectroscopic symbols. They are differentiated, by primes. We have for
example the states (02°3,i0°0)' and {02°0,10°0)'" at 1285 cm

and 1388 cm™!

~1
above the ground stzte. In the present survey, only the total rate of energy flow into
or out of both states is considered. Any aiiempt to consider all of the states i
Fermi resonance individually would make the problem intractable at the prasent time,

The vibrational state of water requires only three quantum: numbers,
Accordingly, the symbol HzO(mnp) designates that the integer vaiues of the three

quantum numbers Vir Vo, and v, are m,n, and p respectively. The selection rules
that are assumed to apply for vibrational exchanges involving this molecule are
as follows:

A\i = i— 1'0 -
av, = tIi,{)
AV, = t1,0

The vibiational state of 3 diatomic molecule requires only one quantum
-tumber for complete spacification. Accordingly, the symbol N, {a) specifies

that there are m juanta of vibraticnal energy in the N
rule holding in these cases is assum

2 molecule.
g
ﬁv —4

to be as follows:
1

The selection
1

Although a very large number of rates must be known for a complete
specification of the vibrational enargy transizr in & plume flowfield, not all routes

for energy transfer are equaliy eificient. Accordingly, a very satisfactory des-
cription of nonequilibrium radistion can be obtained from a knowledge of a limited

number of important rates. It is the iniant of this compilation to not only provide
rate data but also offer some guidance regarding their relative importanc
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3. THEORETICAL MODLLS AND STATISTIC2L INTER-RETATIONSHIPS

. s 1422 . c

Herzfeld™ ™ has adapted the we.:~known SSH theory to the specific
case of vibraticnal energy transfer in LO, in the presence of Ferm' resonance.
The overall relaxation equation is written in an abbreviated form, i.e.,

z = Lo

Lt;Q

\ L £ _ . A8\
] Y Ztrexp( RT ZT) ) (Zs) ocs M

[o7]

The quantity Z is the average number of collisions required to cause a vibrational
transition to occur; Z, is a steric factor to be discussed later; Ztr is the contribu-
tion of relative transliational motion to Z; and then (Zs)o 5 represents the contribution

of vibrational motion frem steps in the overall process. These and other quantities

are defined further below. It is to be noted that in multistep procecses, the value
for Zn_ is compuied for the overall process, whereas’, each step contributes its
individual value for (ZS)OQC In equation (i)

y = 0.76(1+1.155)

1/2 .7/6 qa san 172
2(3\ " (282 (T 3
Ge= m (2 w) g (9‘) (%) ]

The energy exchanged betwsaen vibrational and translational degress of freedom (4 &)
refers to the overall process regardless of the number of steps.

g = 0.8153 M £2(a8)2

@)

5 0s8C

]

0.0413 asa Msf 8

One value for @ s)osc for each step {s) in the overall process appears in the
expression for Z.,

This Z value is strictly for a single transition, i.e., the
-a,T,
factor (l1-e ‘/“) is omitted”

*In this study, the factor (I-e‘ o T) has peen used cnly to relate deactivation

rates to the experimentally observed overall deactivation rates of specific
vibrational modes.
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Z.,= steric factor,

in

it

&
[}

M

]

step no. index.,

a statistical factor that accounts for the degeneracy of the
erergy transfer process,

reduced mole~ilar weight of collision pair,

¢/~ = Lennard-Jones attractive potentiat,

o, = @ function whose derivation depends upon the relzationship

£
]

_ﬁ:

L2 W]

The function g

o]

being applied t

R
po
|

between the cartesian vibrational coordinates of the molecule
and the corresponding normal coordinates,

the change in vibrational frequency during the sth step,

*vibrational enerav converted to transitional miotion in the
overall process,

= the effective molecular weight for the vibrational mode

involved in the sth step of the overall transition,

the range parameter of the repulsive potential function,

has the following form for a 002 molecule, the numbers 1,2,3
the atoms OCO, respectively:

1
i
Z '

Q
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]
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Fur:hermore, for CO2 R

H

M

s MI/Z for s=1,

ZMlM
Mg = 7,7,

£ =
s ZMI fors=2,3.

For HZO the function gg has the following form, the numbers 1,2,3 being applied
to the atoms HOH, respectively:

2 _ 1
o - 4+z.\41(cos§T2
M, \
2M; M, 2MM,
2 2M; + M, [ @M+ MJZ tan® g
o3 2M 12

M, + M,
1 z

—— sin g
w, sin el

2
The value for 4, ‘s not needed in our argument and will not Le «:..2n here.

Furthermore, for H,O,

M
s

M,/2 fors =1,

Z2M. M
M= 12 for s= 2,

s T IM, M,
2M. M M, M2
ZM M, My

Mg = 2MX+M2 * (2M1+M2):‘tan39 fors =3,

where 8is the half angle of the isosceles triangle, formed by the two H-O bonds
in the water molecule.

SR

i
s
=3
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For a diatomic molecule,

2 2
2 = Mj*M,
s 2
2(M1+M2)
MIMZ -
Ms = M,+M
1772

The range parameter g was eval..ated by means of method B of
refzrence 61 and involves an iterative sclution of the following two equations:

-3 = .5949 [M (w2T) ]
and
€m -1/6
o/t = Ln<—?+l>/{ —( 7 )}

As an example of the approach followed in this review for the evalua-
tion of the statistical factor <, we consider the following transfer of energy:

CO, (0310,11'0) + M + CO, (0320) + M

Due to the selection rules, this process is treated in a two~step manner for
which thers are two equivalent paths of lowest energy, i.e.,

CO2 (03* 0,111 0) - CQ2 (022¢) - (302 (032 0) n
and

Co, (030,112 9) = CO, (0420, 1220) -+CO, (032 0) (1)

In accordance with the procedure outlined by Herzfeldzz, we express the wave

functions for the three states involved in the second path in the following maaner:

AT R A (A
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(032 0)

]

As-before, the prime and double signatures designate states in Fermi resonance.

T

Beginning with the singly primed states, the transition moment for this path is

hlajg
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XD = 77 (030,112 0) —% ¥ (0420,1220) dz,dz
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All other terms are zera due to the orthogonal nature of the wave functions.
In terms of the transition moment XZ with

Z
X, = [ ¥ -2 g, 09z,

T et N R o L L

the overall transition momert for the second path becomes

X = @TVA + be' VB Vi XS = e @) + VBB )] X
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After adding to the above the contributions whic i1 arize from the doubly
primed middle term, we obtain

xam= |aa [002 + @99 +vBE @+ guen?] £

T A e

The orthogonality condition requires that the term in square brackets he

unity; whereas, the term in parenthesis is zero. Accordingly,

A R A

X{)= 4a' X‘g

Since the deactivation probability and hence Z"l are proportional tc Xz,
we have

e e O

x2 ()= 16 @)% x; :

i
Herzfeldz‘ leaves the problem at this point to allow for considerations

of states iu Fzrmi resonance individually. Since it is our int=sntion tc treat only

- the totzi energy flux into or out of both states, we add to X2 (I} the contribution
du to the doubly primed initiai state. Then, due to the orthogonality condition,
we have for path II

x2 (= 16 X5 .

Similar considerations for path I give

e R A A it

[ LV <

X% (1) = 9X

. Accordingly, for the sum of both paths we obtain

) M? = 25 X oo

and the statistical factor, S, for the process is 25. In accord to the treatment
outlined here, the statistical factor is simply a function which accounts for the

nmiw.lwmw ettt i | G o, Wl W b o e




degeneracies of the reaction paths involved in a given process. The values
derived herein for S are cf course only as gcod as the model for which they
apply, i.e., that of the harmonic oscillator. Values for Zo,were obtained in
the manner outlined by Herzz’eld22 .

relationships between the rates of various processes. Thus, it is possible to

statistically relate the rate of any process in 002 for which v, = 1 and L= + H

to the experimentally determined rate of the following process:
CO, (0120) + M = 002(00" 0) + M.

A large number of rates treated in this review were obtained in this manner.

Although the SSH theory has proven very successful in the estimation

iy

of the type typified by HZO it has been singularly unsuccessful, This is due at
least in part to meglect of the attractive portion of the potential function which

i ol

can be sizeable for molecules of this type. Shin37 has specifically treated the

Lt

case of H,O self relaxation in a simple and entirely classical manner. His

i

5 exprescion for the collisional transition probability with an assumption of T-V

exchange js as idllows:

~ 3/2
_ [an /4‘"“186\ q7< x) <f> exp {.i’i + 3_@. +
kT *T

sl

o T\ (a2 /

+

9 n
3nkT 2kT |

16 D A ] . @

The following definitions apply to equation (2):

reduced mass of the colligion pair,

3
]

. 2 (11_3 ) e,
rhiz) | \ X T

12

e

4
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The approach outlined here is very uscitcl in obtaining statistical inter-

of rates of vibrational relaxation for nonpolar molecules, for highly polar molecules
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the collision diameter,

Q
it

D/

¢/% = Lennard-Jones parameter,

1
"

X = [\/572' mamm]?’/s.

& = change in vibrational energy du= to the transiticn,
. exp (2 , E |
<t> = 15 (0:2- ﬁz) é
q = th2 matrix element of the oscillator's internal coordinate,
/ 3/4 )/4
_ o = aass(E ) 2 Sl

™
|

_ 2815(3&(}) p*/3 43,

ned/ x7T

the dipole moment oi H20 ‘

=
]

Q the quadrapcle moment of HZO‘

For the case of H,O relaxation by a nonpolar molecule such as N,, tae value of
<f> is near unity making the calculation very simple.
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Finally, Shin has also considered V-R-T exchanges in a classical
e 56,62 . ,
manner for several specific cases . For the cuase of the s= rulaxation

of a hydride his zguations take the form

/

, 3 ; /

PIG 2= Q' fvt @j exp - .3L?.“+ j—@.{_ 64'?23 + A ‘ (3)
\/ XT XT xT 3r“kr  2%T

Where Q', § oy and g are rather complicatad functions of the input parameters
described above, the values of which are liberally discussed in reference 53.

For this review, we have chosen to express results in terms of a

kinetic rate constant k which has units of cubic centimeters per mole per
second where

k-T)= ————
2,gPV-T)

and

1

ZABP -V)

‘ H
A .;|‘,"l;-|l,|“‘wul il

kV-v)=

T AR

where ZAB is the bimolecular collision frequency. 8 is the characteristic
vibrational temperature of the molecule, and the expressions P{V-T) and P(V-V}

refer to the collisional transitional probabilities for V-T and V-V processes
respectively.

LA e
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Admittedly, our expression for the rate of a /-T process depends upon
an assumption of the harmonic oscillator apruroximation. While we recognize
that, under ccnditions prevailing when large populations inversions are involved,
departures from the model will become noticeable 42,33 we have chosen tc

3

kI

m

o
Ly

. . 2
maintain the approximation in accord with other autnorsl'ls'2 '61.

e

63,
Although there are other theorles (e.g., those of Sharme 3 64) which
may be mcre satisfying than those of Shin from a quantum mechanical standpoint ,

the latter were chosen primarily for their ease of utility which aéa_ipaggntslzy does
not degrade their quantitative predictions to any marked degree™ ' e .
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were taken irom Courtoy

This review considers the first fouricen vibrational levels of

tabulated in Table I along with their normal frequencies. Data for CO2 and I-Iz

39

and Herzberg” ™ resp., whereas, the results for all

65

dictomics considered were found in the JANAF Thermochemical Tables .

In & preliminary eifort to scresn the deactivation istes down to a

co, (01t1) + CO,

1
CO, 1) + COZ

collection of tractible size, the rates of formation for all products that are

allowed for a ready selection of favored paths, the others being dropped from

considered. As an examnle cf this procedure, we present the following case:

+ CO,(mntp) + CO,.

rate need be considered in this instance:

A Inno
-;CJZ\OO n + COZ'

Similar results were obtained over thc entire temperature range. Accordingly,
co, (60°1) is the only product of V-T deactivation of CO, {0111) by GO2 that is
further considered in the review. During the course of thesa computations, it
was found that the relative amounts of the various products fcemed depended

critically upon the temperaturz and only slightly upon the molecular weight of
the catalyst. As a vonsequence, the basic zonclusions drawn from Table II can
be assumed to be general at 1500°K.

4. VIBRATION STATES CHOSEN FOR REVIEW AND PRELIMINARY RATE SCREENING

COZ" the first five of water as well as the first two or three states of several of
the more prominent diatomic species. The vibrational species considered are ail

c

created by deactivation of a given vibrational species were compared for relative
magnitude & each of several temperatures upto 3000°X. Freguently, only one or
two products ware found to be favored almost to the exclusion of all others. This

further consideration. This procedure was repeated for each of the several catalysts

The rates of formation for 9 different products are illustrates 'a Table II for a tempera-
ture of 1500°a. A survey of this table shows that only the following dsactivation

2
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=
=
=
=
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5. CURRENT STATUS OF EXPERIMENTAL RATES

Taylor and Bitterman (TB)1 have published a very extensive review of
most of the experimentaliy determined rates of interest to the current review.
As a consequence, our first aim in this regard will be to update their review

with any new data that may be available. Below, sixteen processes are discussed. ’

e A

0

. T . i "
IR [T A A S

(i) 032(011 0) + M g COZ(OO"O) + M

The most studied of all of the energy transfer classes considered in
the present collection of rate data is that of process(i) with M=COZ. Since the
review of TB, the only significant ‘tudy of this process was that published by
Simpson et alls. Our selected rate is derived from a combination of these two

i
ol

sets of data. In - similar fashion, the rate for this process with M=N o @s derived
from a combination of the results of the same two sets of authors.

In this overall
analysis, we have found that the ratio (kN /kco ) changes from 0.66 at 360°K to
2 2

only 0.72 at 1£00°K. As a consequence, we assume that kt\‘ ~ 0.7kco . Since -

4‘2 2
CG and O2 have molecular constants very similar to those of N2' we assume

that k02~ ki\!,~ ch .

gl g m e
i o e ot ) R g

b

The rate of the above process with M=H2 has also been reviewed by TB
as well as in the experimental studies of Simpson «nd Chandlerw. Although the
amount of data present in this instance s ifar less than for the catalysts discussed

above, sufficient data are available to allow for a determinstion of the temperature
dependence of the process from 300°K up to 1100°K.

i i

Water vapor is known to be an officient cataiyst1 for the vibrational
deactivation of 002 (010). As TB peint out, there is considerable question about
the actual mechanism of this process. The explanations vary from a qualitative
explanation based upon the chemical afﬁni'cy66 between HZO and C:O2 to form
H2C03, to an explanation based upon an assumption of V-R exchange, made
efficient by the hydride~like nature of R ZO ; with an attendant small moment of
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incrtiass, Sharma68 has estimated the magnitude and temperature dependencze

of this process from multipole interaction theory and an assumption of V-R

el fi dees

energy exchange. Alth: ugh this rather sophisticated calculation does repro-
duce the magnitude of the data, it is difficult to choose it over the results of
more simple models due to the high degree of scatter in the data available.
Our rate for this process is based upon a combination of the very recent results
of Buchwald et al3 and the results reviewed by TB. The two sets of data allow
for a determination of the rate from below room temperature to above 1000°K.

e e il A0 Lk LA AT

Finally, the rate for M=H was considered from the standpoint of
Herzfelds theoretical treatment for '302 . In order to place the vajue for this
rate in perspective, we have made theoretical calculations also for the case of
M=H,. Since the two calculations both exhibited nearly the same temperature
depe;dence, the theory allowed for a determination of the ratio k. /kH7 .

4

This value is reported in Table IIla for process {). The value for k‘—I is reported

relative to k;, due to the fact that H, bas a molecular weight near that for H
and thus the tgeoretical expressions will have nearly the samne temperature

dependence making the two comparable over a wide range of conditions. '

E

A close examination of equations (1) reveals that reactions of the
type

+
COz(m.nl’p) + M o Coz(m:[ntﬂ"-l . B) + M

ol s SE e Moo o b a0 3 sl AR .0

will have differences in rates due almost entirely to differences in the values
of their statistical factors S. Coneguently, within the approximation of the
harmonic oscillator, statistical considerations alone are sufficient to relate

GRATGs L WAL
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the rates of these reactions to the experimentally derived results for process (i).
A large number of rates considered in this review were evaluated in this manner.

T TG b A A

) A graphical review of experimentally derived rates for process (i) with
various collision partners is illustrated in Fig. 1 and tabulated in Table III. o

(i) CO,(02°0,10°0) + M 4COz(mn£'p) + M

Attempts at modeling of the performance of CO, lasers usually involve
an assumption that CO, (10° 0) and CO, (02° C) are strongly coupled, {.e., they

) " . o T
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are essentially in thermodynamic equilibrium. With this in mind, Rosser et a122
have performed experiments directed toward a measurament of the deactivation

rate of CO, (10°0) in the presence of excess CO, as well as in the presence of

HZO‘ Their method involved the injection of excess vibrationally excited species
into both laser levels, following which the approach to equilibrium by radistion

at both 10.6y and 4.3y was monitored. They reported values of 1.87 x 1010 cc/mole-
sec and 2.25 x 1012 cc/mole-~sec for the rates of this process at 300° K with CO2
and HZO respectively as collision partners. Two deactivation products are possible
for process (ii), i.e., CO, (01 0) and CO,(00°0}. Actually, co, (0220) can also
form; however, theoryzz suggests that this form will ve in near equilibrium with
(‘,‘Q2 (02°0,10° 0) even at room temperature. Theory22 further shows that at 300°K
over 99% of the product will be CO, (01* 0). As a consequence, we interpret these
rates in terms of twice the rate of the following process:

COZ(OZ°0,IO°O) + M -0002(011 0) + M

The rate measured will be twice the rate of this process due to the degeneracy of
the product. In the absence of further experimental results, resort was made to
theory to obtain the dependence upon temperature for these rates. It is of interest
to compare the abovc experimental constants with the values that can be estimated
from statistical considerations end the measured rates for process (i). The statis-
tical factor for this process is 2; accordingly, the predicted values for the rate
constants at 300°K would be 6.6 x 109 and 1.7 x 1013 cc/mole-sec for CO2 and
HzO respectively as collision partners. The actual value for 002 is larger by a
factor of 1.5 than the predicted rate, whereas, the experimental value for HZO

is smaller by a factor of 14, At present, it is difficult to establish the source of
this discrepancy. One possilbe source of error is the assumption that co, (022 0)
and co, (02° 0, 10°9) are always in near equilibrium,

(i) CO,(00°1) + M 4+ CO, fmnp) + M

This process has lent itself readily tu investigation by means of the
technique of laser fluorescence in recent yearskm. In addition, shock-tube
studies have been conducted at elevated temperatures, and numerous measure-

ments based upon methcds of sound dispersinn have been conducted at near
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room temperaturel. We have added the data from recent laser fluorescence

experiments3 ,6-13

to the results reviewed by TB and by least squares analysis
. obtained the results plotted in Fig. 2. Dueto their wide variance from the

TromOaY

results obtained by laser fluorescence techniques, we have ignored the results

DA

. of Serikovlz, which were obtained by a phase method.

g

Six deactivation products are possible in the present instance:
CO0, (032 0,11 0), CO,(0320), CO,(02°0,10°0), CO,(0220), CO,{01* 0), and

co, (00° 0). The rate constant for the formation of each product was evaluated
by means of the following relationship

where k(i) is the rate constant for the formation of the ith product. The term

in the square brackets was evaluated with the aid of Herzfeld's development of
the SSH theory for CO?. 22. This analysis demonstrated that at temperatures
below 3000°K only the procucts 002 (033 0,111 0) .CO, (02°0,10°0) and 002 (01t Q)
need be considered. In addition, the following process was considered in the
analysis and found to be of importance:

CO2 (0o°0) + 002 (00°1) - GO2 (02°0,10°0) + CO2 (012 0)
The results of these calculations are all presented in Table Illa.

(iv) CO?(02°0,10°G) + M 9 002(0220) + M

While there are several examples of class (iv) of near resonant
transfers included in Tables IIla and IIIb, at present there are no experimental
data available upon which estimates of rates can be based. As a consequerce,
we resort entirely to available theory. The treatment given by Herzfeldzz irdi-

cates that processes of this type will always be in near equilibrium even

at 460 ° K, Although the interpretation of the results of Rhodes et 6159 is open to

19
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sore questions concerning mechanism, their results seem to indicate that

near resonant processes of this type are indeed rapid having rates not far
temoved from those given by theoryl'zz.

v) 002{04‘ 0) + M (30‘,,_(031 0,1110) + M

There are examples of severai examples of class (v) type processes
included in Table IIla. The low rates of deactivations of this type in contrast
to the rapid rates of processes of the type

002(04‘ 0) + M 4002(033 0) + M

are due to the many individual steps involved in the overall case, i.e., we
have in the present instance

M

co,(0330) M
-’

GO, (04¢ 0) " co,0220) ¥ C0,(02°0,10°0).

In reality, these multistep processes are slow and can be ignored except at
the highest temperatures. This particular case is given merely as an example
to illustrate the type of results obtained. The many steps required are the
result of an application cf the selection rules. No experimental data are
available regarding multistep processes of this type making it necessary to
rely entirely upon theory for useable estimates.

(vi) CO, (00°0) + Co, (622 0) ZCO2 (012 0)

A large number of near resonant V-V transfers in CO2 are included
in the present review. In the absence of any conclusive experimental results,
the rates of all of these processes have been estimated by ’chem‘y22
results of Rhodes et a169
about 9 x 1012 cc/mole~sec in fair agreement with the value of 3.5 x 10
cc/mole-sec given by theory. Since the results of Rhodes et alsg are still
open to discussion concerning interpretation, we have kept the theoretical
value for our review. One nonresonant V-V transfer included in our revievw,
i.e.,

. From the

above , the rate constant at 300°K was estimated at
12

COZ(OO“ L+ COZ(OO" 0) - 002(02°0,10° 0) + CO, (012 0)
20
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was related by theory to rates given experimentally, see (iii) sbove.
(vif) £0,(00°) + N,(0) + CO,(00°0) + N, () + 18 cm™

Of all the intermclecular V-V exchanges between unlike molecules
considered in this review, this process is the nearest to energy resonance,
i.e., the energy defect is ounly i8 cm'l. Because of the near resonance,
available theoryz‘2 predicts a very rapid rate for the energy excharge. Indeed,
it is known that this very rapid process is necessary to obtain inversion in the
upper level population of the CO?_-N2 laser systeml. Because of obvious
parallelism between that system and the production of non-equilibrium radiation
in exhaust plumes, thi. process can be expected to be very important in the
latter case 3also.

Extensive experimental data are availa_ble regarding V-V transfers
from Co, (00°1) to both N, (0) and CO(O)B'IO'M'IG'”. The mmethods used to
obtain these data involve primarily laser fluorescences’m'm and shock tube
techniquesm'”. We have included all of the data from these sources in our
analysis, the net result of which is illustrated in Fi_, 4.

(viii) H,0(010) + M = HZO(ooo) + M

Water is known to have an extremely fast self relaxation time33~3b:
the probability for self deactivation per collision exceeding 1/5 at room tempera-
turel. Data are available relative to this process for M=H,O {rom one impact
tube study33 and three sound-dispersion studies34-36. The data availabie are

somewhat scattered making it difficult to establish the tumperature dependence,
as shown in Fig. §.

In 1n effort to estimate the temperature dependence, we have resorted
to the theories of Shin37'70. Shin has developed two sets of classical equations
which treat this process as a V-T exchange in one instance and a V-R-T exchange
in the second case. Although the two approaches appear to give a markedly
different character to the temperature dependence, they both reproduce the apsoiute

21
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rmagnitude of the data :resonably well. The different types of temperature
dependencies may be an illusion due to the failure to account for multipole
attractive terms in the latter (V-R-T) case. Since the theoretical develop-
ment of the V-T case has been mcre complete, and since this case does
appear to reproduce the available data measureably better, we have selected
the V-T method to provide information for our coilection of rates.

At present no data are available regarding the efficiency of other

collision partners relative to this process. In the absence of required data,

37
's

we have resorted to Shin classical V-T theory in all cases considered.

This theory was also used for the following related processes:

HZO(IOO) + M o 1{20(000) + M (a)

and
H20(001) + M 4 HZO(OOO) + M (b)

No experimental data are available regarding the rates of these processes
making a complete resort to theory necessary; however, the success of the
theory in giving rates for (viii) above leads us to accept the results with
some degree of confidence.

(ix) H,0000) + M » H,0(00) + M + 102 —

No data are currently available regarding the rates of iniramolecular
V-V energy exchanges in water. In the absence of such data, we have resorted
the SSH theorym. As is to be expected for near resonant trarnsfers of this type,
the predicted rates approach collision frequency. We did not use the theories
. 37,70
of Shin
handle V-V transfers in the stepwise fashion built into the SSH theory, i.e., they
do not aczount for seemingly important quantum effects that appear in this class

here due tc the fact that they have not been designed to expressly

of transfers.




M) N, + M s Ny(0) + M

The deactivation of N2 by itself has been extensively studied in
the shock tibe at elevated temperature (above 1200° K)71~74. In addition,
dats are available from sound absorption and dispersion s'mdies7s’76 and
one impact tube study77, all at lower temperatures (below 1200°K). Unfor-
tunately, as has been pointed out by TB only the shock-tube data appears
self consistent, the rest being widely scattered. In accordance with the
conclusicns of TB , we assume this scatter to be due to impurities, the
effects of which would be greatly magnified by the inordinately slow relaxa-
tion time at lower remperatures. Our selection of rate data are therefore

taken only from the shock tube resultsn-n.

Henderson78 has reported measurements based upcn sound absorp-
tion which show CO2 having an efficiency nearly 3 orders of magnitude greater
than that of N2 in this process. Howev1er7,8his interpretations of the results
of his experiments are open to question™’" =, As TB in their review point out,
Henderson's res{.zlts are surprising in that C:Q2 and N2 show very similar
efficiencies in other processes. In the absence of further data, we have
resorted to theory22 to estimate the efficiency of CC)2 for the purpose of this
review,

Water is known to efficiently relax most diatomic moleculesl. The
data of Huber et al77 and TB show no exception to this rule. These two studies
cover a temperature range from 413 to 1600°K and involve impact tube as well
as shock~tube techniques. Our rates for the relaxation of Nz(l) by H20 are
taken from the total collection of these two sets of data.

White79 has investigated the relaxation of N 2(l) by Hz at temperatures
above 1500° K. Although the dat are limited and cover only a narrow temperature
range, we have used them to estimate rates for this system. The required temper

ture dependence was taken from theory 22 .

Finally, deactivation rates‘for Nz(l) by 02, CO, and H were evaluated
directly from theoryzz. In the case of H, we have evaluated only the ratio (kH/k

a-
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from theory and used the reported values of kH to determine k The deactivation
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retzs for process (x) which were taken ivom experimental studies are all illustrated
in Fig. 6.

(xi) 02(1) + M o+ O (0) + M

Like process (x), the self deactivation of oxygen has been extensively
studied. The data have been reviewed by TB and covar a temperature range of
nearly 10,000° K. Furthermore, the experimental results were found to be in excellent
agreement with th -ory (SE:H)61 over the entire temperature range. Our rate constants
were taken fiom that compilation.

e b A G

Henderson et al5 have conducted sound absorption studies in OZ—HZO
sy.tems and estimate a value for the deactivation rate constant of O2 (1) by HZO

at 300°K of kH of 2.9 x 1010 cc/mole-sec. We have accepted this value in the
absence of furt%er experimental data and supplied to it the temperature dependence

reported for the deactivation of Nz(l) by H,0.

Very-littie data are available regarding the deactivation of O2 (1) by
other collision partners. Henderson et alBC claim evidence bhased upon sound
absorption studies that CO2 is nearly 3 orders of magnitude more efficient than
O2 in the relaxation of 02: however, their conclusions have been the subject
of some argument and will not be considered further. As TB point out, O?-'NZ .and
CO2 exhibit similar efficiencies in numerous deactiva‘ion processes and it wouild
be surprising to find either 02 or N2 to be so much less efficient than CO2 in these
processes. Furthermore, neither N2 nor O2 exhibit unusual efficiencies in the
deactivation of vibrationally excited CO?_. As a consequence, we rely upon the
SSH theoryzz’61 to estimate the rate of deactivation of 02(1) by COZ'HZ' and H.
All deactivation rate constants which were taken from experimental results are
illustrated in Fig, 7.

e P R R P S

(xii) COQ) + M 4 CO({0) + M

Since CO is infrared active 'vith a spectral region which overlaps
4.3yband of COZ' an adequate description of the radiation emitted by a plume
at these wavelengths requires a knowledge of the concentrations of excited
CO. This vibrational deactivation process {xit) has been extensively studied
in the shock tube over a wide range of experimental conditions and in the pre-
sence of several collision partnerszq"za. Hooker et a127 have conducted the
most extensive studies of this process to date. They measured the deactivation

i Syl
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rate in the presence of N, and HZ' as well as CO itself.

24
2 The results of Matthews -,
Gaydon et al” 7, and Windsor et al 26 were combined with the results of Hooker et al
to give an averaged rate constant for M=CO. The results for M=N, and M=H, were

taken directly from Hooker et al2 . The rates of (12) for M—HZO were taken

directly from the shock tube results of Von Rosenberg et a140.

This system is the only one considered in this review for which data are
available concerning the deactivation rate in the presence of H atomsaz. The
relaxation was studied under conditions of rapid nonequilibrium expansion, a shock
tunnel being used to generate a nozzle flow with stagnation temperatures up to
4500° K. The effect of H atoms was derermined by adding trace amounts of H, to
the initial gas mixture. The catalytic efficiency of H in this process is very ;ﬁgh,
the rate approaching collision frequency at temperatures above 2000° K. The
reported steep temperature dependence for this system may be a result of the
method of H atom generation; i.e., the dissociation rate of H2 itself is very tempera-
ture dependent. Furthermore, the zoncentration of H was not monitored. Neverthe-
less, the SSH theoryzz’ 61 does reproduce the dependence upon temperature very
well and only un.derestimates the rate constant by about a factor of three. Thus, at
1500° K theory gives a value of 4 x 1012 cc/mole-sec; whereas, experiment gives
a value of 1 x 10°” cc/mole-sec. The rate constants for this system which were based
upon experimental observation are illustrated in Fig. 8.

(xitia) COM) + N,(0) + CO(O) + N,() - 187 cm™
(xifib) CO() + 0,(0) + CO(O) + O, () + 587 cm™!

Sato et a128 have applied shock tube techniques to the study of vibra-
tional energy transfers of the above type between several pairs of diatomic mole-
cules. In both cases, they covered a temperature range of 1500°to 2500°K. In
addition to this study, Bauer et alzg have studied (xiiib) at room temperature by
means of a sound dispersion technique. It is of interest to note that in both of
these cases, Sato et a128 demonstrated that the SSH thf—:cryz‘v"61 agrees with
experiment to a factor of two over the whole temperature range.
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Also of interest to the present review and of the same general class
as (xiii) is the following process:

Ny) + 0,(0) + N, (@ + O,() + 775 cm™l

Bauer and Roesler29 have estimated the rate of this process at 300°K from
sound dispersion measurements on N 2--02 mixtures. All other studies of this
system were conducted with shock tubes at elevated temperaturesm"%. The

experimentally derived rate constants for the last three processes are illustrated
in Fig. 9,

{xiv) OKH() + M 5 OH(0) + M

The inclusion of the hydroxv! radical into our model appears warranted
due in part to its possible near resonaut transfer of energy into and out of the
stretching modes of the water molecule.

This process has not been studied directly;
however, Worley, Coltharp, and Pcstt:ers4

have studied the rates of deactivation of
OH (9) by several diatomic and small pelyatomic molecules. The rate constants

k x 10-10 cm3/mole-sec) of interest to the present review and which were measured
were (k,M):(0.6, OZ): 0.2, NZ); (1.4, COZ); (12, HZO) at 300°K.

In thie absence of difinitive resuits regarding the deactivation of OH (1)
by different M, we have proceeded as follows. First, the self deactivation rate

(M~OH) was estimated from the classical equations of Shm42 which treat the

case of the self catalyzed deactivation of a diatomic hydride (V-R-T). The har-
monic ascillator approximation is then used to estimate k(1+40) from the measured

rate k(9 8) for each M of interest. The temperature dependence in each case was

estimated with the aid of Shin'sa"'7 equations for V-T transfer. It is interesting to

note that for a temperature of 300°K, the theory estimates k(1+0) at 3.6 x 103
cc/mole-sec for M=N? . Whereas, the harmonic oscillator approximation relative
to tne data of Worley ;zt a184 places the value at 5.5 x 103 cc/mole-sec. The
transition matrix element required by the theory for the internal vibrational
coordinate of OH{l) was taken from the estimates of Potter et 6185 relative to
their measurements cf lifetimes for OH(9). In the absence of experimental data
relative to CO as a collision partner, we rely entirely upon them‘y37

for its coffi-
ciency in relationship to that of Nz, see Table Ille.
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wv) OH(0) + H,CM0) « OE() = H,0(000) + 1gb —

Intermolecular enercy transfer rates f. -V) Letween the viorational modes
of H2 and OH and the stretchiny modes of HZO were estimated frorr the SEH theory

22,61

According to theory, these ex-ranges are all very efficient ha:.ng probatilities in the

neighborhood of 0.1 or higher at 1500° K. In reality, assumptiors r.ade in the theoreti-

cal model preclude accurate predictions at ‘hese levels of efficiency; nevertheless

the order of magnitude can probably be trusted. Sigmficantly, the equations of
Shin“ .62,70

(V-R-T) of hydrogen containing molecules also predict -~ ery h::h deactivation efficiencies.

14

which treat the transfer of vibrational energy intc the rotational modes

Nevertheless, we have selected rates based upon the SSH trheon: {cr these V-V trans-

furs due to the important quantum considerations discussed wrder ix) above.

The transier of vibrational energy between H, (1) arnd OH(J) was treated
in @ manner analogous to that described above and is reported .n Tzkle Ille.

(xvi) HZ(I) + M o H?_(O) + M

The vibrational relaxation of H, has been the subjec: of numerous
experimental investigationg in recent years. Unfortunately, little :s known
regarding the efficiencies cf collision partners other than H, itsell. The relaxa-

ey . . X 57,86
tion has been ctidied in detail at elevated temperatures in shcok tubes” 100,
More recently studies have been repoited regarding measuremernts it ne&r room
58,59
and

N . 87 Cnes
somewhat indirectly, laser fluorescence . Our self deactivation rate for H,

temperature. These involve the use ol stimulated Raman scattering

was dzrived from the sum of these experimental results which cover a tempera-
ture range from 296°K to Z700°K. The resultant rate constant is illustrated in
Fig. 10 as a function of temperature.

In the absence of experimental results, the efficiencies of Nz , CO,
OZ‘ COZ‘ HZO, and Y all relative to H2 were estimated from the SSH theory.
The results have been entered into the table of rate data.
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6. SUMMARY

Available rate uata derived from experimental studies have been
combined with results derived from current theory to provide a fairly extensjve
model of vibrational energy transfer for the COZ-N 3-CO—H20 system. Based
upon the data compiled in this effort, several geners:izations can be made.

As pointed out by Taylor and Bittermanl, tnere is a large amount of
experimental data available regarding the deactivation (V-T) of 002 (012 0)
during CO,~CO, collisions, This state of affairs proves very fortunste due to
the large number of rates that can be related statistically to the m. .itude of
the rate for this one process. It is disconcerting to find that contrary to
available theoryzz, Nz and O2 appear experimentally to be slightly less efficient
catalysts in this process than COZ' At the time Taylor and Bitterman1 published
their review, the efficiency of N, in this process was knc'/n primarily from
highly scattered results derived from the spectrophone at or near room tempera-
ture. We have s~lected the more recent results of Simpson et al15 which show
less scatter and cover a much broader temperature range.

Experimental studies
regarding the cfficiencies of H,O and H,, as collision partners in process (i)*
2 2

have also recently appeared 3’18. Overall, our knowledge of the parameters

important in these processes is probably satisfactory.

The recent advent of the study of vibrational deactivation by the
technique of .aser fluorescence has proven very useful as a tool for study-
4
ing the deactivation of the asymmetric stretching mode of 0023'8’10'11'13'l .

Indeed, the efficiencies of COz,Hzo,Nz,Oz,CO, and Hz as collision partners
in this process have all been determined by this technique. The resy’ : availabie
frort these investigations normally cover a temperature range of 298° up to 10006°K.
Where possible, the temperature range has been extended for this review by
inclusion of shock-tube data taken at elevated temperatures. It appears that our
knowledge of the efficiencies of important collision partners relative t~ deactiva-

tion of the assymetric stretching mode is quite adequate for the modeling purposes
intended herein.

*See Section 5 for a review of process (i).
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Th: same technique of iaser fluorescence has been user! to charac-

terize the intermolecular transfer of vibrational energy between CO2 (00°1) and

N, (0) as well as CO(0). Both of these processes seem to have been adcquately
studied by this techniquem'm. In addition, the ransfers to NZ(O) have been
extensively studied in the shock-tube at elevated temperatures. 3harma and

Iir'«';m64

have reproduced these experimental results in a very satisiactory manner
theoretically. Although their quantum theoretical model appears quite capable

of reproducing experimental results for energy transfers in CO2 to at least as
rood an approximation as the SSII theory 22, as pointed out earlier, it was judged

more involved than the present review justifies,

Theoryzz indicates that near resonant intramolecular V-V transfers
of the type

COZ(OZ°0,10°0) + M 4 COZ(0230) + M

occur with very high probabilities per collision (P > .01). At present, the cnly
experimental evidence available regarding these processes is that of Rhodes st
alsg which lends support to these theoretical predictions. Neverthaless, the
interpretation of these results is still open to question. If processes of this -
are indeed as fast as now appears likely, modeling problems involving CO .- .
be greatly simplified by assuming that states with the same value for the quantum
number v, but different quantum numbers ¢ cre in near equilibrium. This is equi-
valent to ignoring the quantum number £ altogether. If this approach were followed,
the number of vibrational transfers that would need to be considered would be
greatly reduced. We offer Table IV, which contains a fairly complete set of inter-
molecular V~V exchanges among CO2 molecules, as an cxample of this apprc ach,

At present, our knowledge of the vibrational relaxation rate for HZO
is very limited and the data are very scattered (see Fig. 5). In addition, our
kuowledge i. limited further to the effici -~ of only one collision partner, Hzi)
itself, and then only for the relaxation or the bending mode. Much experimental
data is yet needed for this system in view of the remarkable effect HZO has upon
the vibrational lifetimes of other molecules. Work in progress at AV CO Corporation
is directed toward a satistaction of sume of these needssg.




Finally. our knowledge of the effect of reactive atomic species
upon the relaxation rates of important vibrational states in the system under
censideration is at present limited to the single study of Von Rosenberg et al32

14

regarding the efiect of H ator s upon the relaxation rate or CO (1) aad the pre-~
liminary results of Center90 concerning the effect of atomic oxygen upon the
relaxation rate of COZ(OI" 0). Interestingly enough, in both instances it was
found that these reactive atoms significantly reduce the vibrationai lifetimes.
Center90 finds that O-atoms are about four times more efficient than C:O2 in
relaxing 002(013 0). Much work needs to be cone in this area if the atcuic

species are as efficient as it now appears.94
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7. EXPLANATION OF THE TABLE OF RATE DATA

All rate data, experimentally or theoretically derived, was expressed
as a power series in temperatures, T°K, as follows:

1/3 + -2/3

gnk =A + BT cr
Thke cornstants A,B, and C were entered into the tavle. In addition, the rate
constant taken directly from its source and corresponding to a temperature of
1500° X was entered.

Frequently it was possible to relate a ¢roup of rate constants to one
another by means of the relative efficiencies of the collision partners involved.
This treatment was possible only when the temperature dependencies of the
constants involved were similar. The column hzaded by the symbol ¢
refers to these relative efficiencies. The efficiency factor ¢ is measured
relative to the rate for which it is set equal to unity unless otherwise specified
in the table,

Sometimes prccesses occur which have two cqual energy paths, but
with different values of ZO/S for each path. In this situation the rate is the sum
of the rate for each path and both values of ZO/S and shown in the Tables.

Finally, the source of each rate, theoretical or otherwise, is listed
in the last celumn as a reference or series of references. Moiecular transport
properties used in this study to evaluate the theoretical rate processes by the
methods present:d in cection 3 were taken from Hirschfelder, Curtis, and Birdgl,
except for the H >tom properties which were taken from Svehlagz.

When using the table of rate data provided herein, it is useful to
<eep in mind that at equilibrium the concentration of an excited molecular species
relative 12 the ~oncentration of the ground state falls off at higher energy levels
according to the Boltzman factor (e K E:/RT). As a consequence, for conditions
not far removed from =2quilibrium the process

€0, (0420,1220) + CO,(00°0) ..002(0310,111 0) + c:c>2(011 0)
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will be more likely to be of importance than the process
(302(042 0,1229) 4 COZ(OZ° 0,10°0) - 2C02 (030,112 0)

simply due to the fact that the concentration of 002 (00°0) is likely to be
much greater than that of CO2 (02° 0,10° 0) below 1500°K. As the temperature
increases, however, the number of individual states and thus the complexity
of the mechanism must necessarily increase.

Included as Table Y are the Einstein coefficients for spontaneous

emission which give riSe to the vibration/rotation infrared spectra ~f COZ' CO,

and H?.O'
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1I.

IIla,

IIIb,

Ulc.

Itid,

IIle,

Vb,

8. TABLES

Vibrationally Excited Species and Energy Levels,

Product Formation Rates for the Following Process:
CO, (011) + €O, +CO, tm’p) + GO,

V-T Intramolecular V-V Energy Transfers in Co,..
Intermolecular V-V Energy Transfer nacwes 1n ¢ OZ'

Scrambling Reactions in COZ’

¥-T and Intramolecular V-V Energy Exchanges in
Species Other Than COZ’

Intermolecular V-V Transfer Involving Species

Other Than COZ .

Alternate Table f Resonant Intermolecular V-V
Energy Exchange Rates Among CO, Molecules.

Resonant Intermolecular V-V Energy Exchange Rates

Between Symmetric Stretching Modes of GO2
Molecules.

Einstein Coefficients For Spontaneous Emission.
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TABLE I

VIBRATIONALLY EXCITED SPECIES AND ENERGY LEVELS

*
States w(cm"l) w {Average) | & H(Kcal/mole)
CO,(01*0) 667.4 667.4 1.908
COZ(OZOO'IOOO)' 123304
1336.8 3.821
C03(02°0,10°0)"" 1388.2
C02(02%0) 1235, 2 1335.2 3.817
Cc0.(0310,1 1*0)* 1932.5
. . } 2004.7 5.730
C0,(03*0,1 1*O)" 2076.9
CO. (0370) 2003.3 2003.3 5.726
C0O,(00%) 2349.2 2349,2 6.715
C02(04°0,12°0,20°0)" 2548,2
C0,(04°0,12°0,2070)" 2670.8} 2672.0 7.638
C0:(04°0,12°0,20°0)*"" 2797.0
C02(04%0,12%0)® 2584.9
- 2672.9
C02(04%0,1270)" 2760.8
c02(04%0) 2672.8 2672.8 7.640
CO02(01]) 3004.1 3004.1 8.587
CO. (05%0, i3%0, 21*0)* 3181 .3
CO-(05%0,1330,21%0) * 3339.3} 3340.9 9.546
CO., (050,130,212 0) " 3502.0
CO,, (05%,1320)3 3241. 3|
. 3342.2 $.550
CO, (05%0,1330) 1 3442.9
CO, {65%0) 334]. 8 3341.8 9,549
ge=he R_ where k = Bolitzman's constant
T Tk 107 “Yave he
< - 1.439 ¢m - °K
R = 1.987 cal - °K”' - mote”!
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TABLE I (Cont.)

States w(cm-l) " AH (Kcal/mole)l

H,0(010) 1595.0
HL{020) 3151.4
H,0{100) 3651.7
H,0(001) 3755.8

4,559
9.008

13.438
10.736

Ng(1) 2329.5 6.659
N2a(2) 4630.7 12,238
Ozl) 1556. 1 4.448
03z(2) 3088. 1 8.828
Ha(l) 4154.7 11.876
cofl) 2142.6 6.125
CO(2) 4258.3 12.173

OH(1)

3682, 10.526

A T R
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* Calculations based upon the theory of Herzfeld2® and known
rates for the deactivation of CO4(01*0) by CO, .

2 ¢ Bt P Lratian R &S

TABLE II
Product Formation Rates* for the Following Process:
COs(01Y) + COz = CO, (mnk) + CO.

Product k{(1500°K) % Formed
(0a0) 8.9 x 10 -
(0420, 1220) 2.2 x 10 .07
(04°0,12°0,20°0) 2.9 x 10° .09

1 (00°]) 3.1 x 10' 39.8
(0310,11*0) 1.5 x 10° -
(0320) 7.2 x 10° -
(02°0,10°0) 1.5 x 10° -
(0220) 1.6 x 10° -
(01* 0} 2.1x10° --




TABLE IIl a

V-T AND INTRAMOLECULAR V-V ENERGY TRANSFERS IN CO2

REACTION

e A

C

k(1500°K)

SOURCE

(01 0) = {00°0}

1.0 38.3

33.0
1.0

-177

- 83.0
- 444

451

2.5x108
1.8x10%
2,2x10
3.8x10%
1.9x109

1,15

1,15
18

1,3
22

(02°0, 10%0) ~ (01%0)

7.0x10%
4,9201
3.0x108
2.2x10%*
2,0x10%

1,15,23
1,15,23
1, 3,22

18,32 |

22

{02°0,10°0) = (00°0)

4.1xt0°
1.3x10°
6.2x10*
1.0x10"
1.6x10%

22,23
22
22,22
22
22

02%0) = (01%0)

5. 1x10%
3.6x10%
4, ax10™
7.6x10"
4,007

1,152

1,15,22 1"

18,22
1, 3,22
22

{02°, 10° 0} ~ (02%)

1.6x10%
1.5x10*”
2.1x10%?
5.3x16%
1.6x10*

22
22
22
2

k43

(030, 11%0) - (02%0)

7.6x101
S.3x10%
§.3x10%
1.1x10%3
S, 6x108

1,15,22
1,15,22
18,22
t, 3,22
22

(030, 1120} < {02°0, 10°0)

1.0x10
7.0x10%
8.5x10**
1.5x10%?
7.7x10%

1, 3,22
1,15,22
18,22
1, 3,22
22

{03'¢,11%0) < (01%0)

4.1x10°
1.2x10"
1.0x101
3.5x10
1.6x10®

22,23
22
22
22
22

(03%0) = 102%0)

7.5x10%
5.3x104
6.6x101
1.1x10™
6.0x10%

SN A A
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REACTION ™ @ A B c x(1500°K) SOURCE
{03°0) +(02°,10°0) co, 1.0 lats | <171 |a2se 1.2x10° 22
N, 1.8 |31.1 | -159 | 260 2,1x108 22
H, 27.5 | - 90.1 | 230 1.9x10° 22
£,0 27.5 | - 90,1122 1.9x10° 22
H 1.0 [35.8 | -24¢ |ou 1.9x10° 22
(63%0, 112 0) = (03°0) co, 1.0 37.2 | - 89.3 | 227 3.2x10%? 22
N,,0,.CO 0.9 2.8x10% 22
H, 0.12 3.9x10% 22
H,0 0.33 1.1x10% 22
H 0,094 | 34,5 | - 84.5 ] 213 3,0x10% 22
(00°1) =+ (62%0,10°0) co, 1.0 $4,6 | -404 11096 1.4x10% 1,3, 8,13,22
N,.CO 0.3 S.2x10% 1,3, 8,10,22
o, 0.4 5.6x10% 11,22
H, 46,5 | -279 892 3.8x10" 3,10,13,22
' 1,0 27,9 | +18.5|-211 1.3x16% 6.9,10,12,22
H 1.s% 7.2x10% 22
(60° 1) -« (030, 11%0) co, 1.0 43.6 | -257 685 4. ax108 5.3, §,13,22
N,.CO 9.3 1.3x10% 1.3, 8,10,32
o, 0.4 1.7x1o% 11,22
H, 4.2 | -293 914 1.3x10% 3,10,13,22
0 19.3 | +l08 |-397 1.5x10% 6,9.10,12,22
H o.e'i 1.4x1o¥ 22
(00°1)+(00°0) = (. u, 107 0) +(01% 0} co, 44,0 | -242 633 6. 1x10% 1,3, 8,10,22
| (00°1) (018 0) co, 1.0 $3.9 -407 824 §.4x10% 1,3, 8,10,22
N. CO 0.3 1.8x10% 1,3, 8.10,22
0, 0.4 2.4x10% 11,22
H, 47.9 -324 1633 9.6x10% 3,10,112,22
H,0 3.7 | - 54.7 - 36.0 1.3x10% 6,9,10,12,22
H 1.9% 1.9x10% 22
(04°0, 12°0,20°0) -+ (961} co, 1.0 10,6 | -108 15% 1.2x10° 22
N,,C0,0, 1.2 | z29.6 | .00 | s 7.8x10° 22
H, 28.8 - 63.5] 35.2 2.1x16¥ 22
B,0 29.1 | - 85.3] 159 8.7x10° 22
0.8 | 26.3 | - 21.2]-101 1.6x10% 22
{04°0,12°0,20°9) ~ (02’0} co, 1.0 30.2 | -171 264 3.x107 22
%,.€0,0, 1.8 s.6x107 22
H, 29,6 | -153 | 520 6.sx10° 22

H,0
H 0.9 132.8 | -137 | 687 s.9x10? 2
©4°0,12°0,20°0) - (331 0,11%0) co, 1.0 4C.1 -177 451 1. 5x10%? 1,15,22
%,.€0.0, 0.7 1.1x108? 1,15,22
H, 34.8 - 83.6 ] 345 1.3x10% 18,22
H,0 32.8 - 448} 242 2.3x100 1, 3,22
38
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REACTION

M ¢ A B c x(1500°K) SOURCE
{24°0, 12°0, 20°0) = (02°0, 10°0) co, 1.0 | 43.7 | -272 437 1.4x10%° 22
N,,0,,CO 3.0 43.3 -254 433 4.3x10% 22
H, 38,8 | -134 n 1.0x10%% 22
H,0 42,2 | -21% 430 3.7x108 22
d 1.6 | 37.7 | -116 | 365 1.6x10% 22
{04°, 12°0,20°0) = (02%0) co, 1.0 39,2 | 271 438 1.6x10° 22
N,,0,,C0 3.1 138.8 | -253 | 434 5. 0x10® 22
H, 34.6 | -133 372 1,7x10% 22
1,0 38.0 | -214 | a3 g.2x10° 22
H 1.6 | 33.5 | -1« | 366 2.7x108 22
{04%0,1230) ~ (04°0,12°0,20°0) co, 1.0 | 38.1 | -30.4] 230 7.2x10% 22
N,,0,,C0 0.9 }38.0 | -90.8] 23 6,4x10* 22
H, 0.12 | 35,6 | - 84.9 ] 214 8.6x10" 22
H,0 0.33 | 36.7 | - 88,3 | 237 2,4x10% 22
H 0.05 ] 35.3 | - 84.5 ] 212 6.5x10% 22
{640, 12%) = 03°0) co, Lo [39.72 | -12/ | as1 1.0x10'? 1,15,22
N,,0,,C0 0.7 7.0x10% 1,15,22
H, 34.4 | - 83 345 8.5x10% 18,22
H,0 32.4 ~ 44,4} 242 1,5x16%2 1, 3,22
) H 0.9% 7.7x10% 22
(0430, 12%0) + (03%0,11%0) co, 1.6 | 40.1 | -177 451 1,5x10% 1,15,22
N,,0,,C0 0.7 1.1x10% 1,15,22
H, 34.8 - B83.6 ] 345 1.3x10% 13,22
H,0 32.8 - 44.1| 242 2.3x10% 1, 3,22
H 0.9% 1.2x16% 22
{04%, 1230) - (04° 0) co, 1.0 37.86 | -90.4] 230 5.4x10% 22
N,,0,,C0 0.9 37,7 - 90,8 | 231 4.8x10*3 22
Hz 0.12 6.5x10" 22
H,0 0.33 1.8x10% 22
H 0.09 | 35.0 | - B4,5] 213 4.9x10% 2
| (0d'0) 05wy co, 1.0 39.7 | -177 451 1.0x10%* 1,15,22
N,.0,C0 0.7 7.0x10% 1,15,22
H, 34,4 | -83.0) 345 8.5x10% 18,22
H,0 32,4 | - 44.4} 242 1.5x10% 1, 3,22
H 0.9% 7.7x10% 22
(04*0} < (03'2,01'0) <o, .o j3o0.1 | -171 264 2.ext0” 22
N,.0,.CO 1.6 s.2x107 22
H, 29.6 | -153 | 519 6.2x10° 22
H,0 29.2 | -135 | 256 2.7x108 22
{oi*1) 4(00°1) co, .0 | 385 | -177 451 3. 1xig¥ 1,15,22
N,.0,,C0 8.7 2,2x10% 1,15,22
H, 33.2 | - 33.0] 345 2.5x108 18,22
R0 al.l - 44,4} 282 4.2x10' 1, 3,22
H 0.9% 2.3x1088 22
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TABLE III a (continued)

REACTION M (4] A B c ] ¥ (1500°K} SGURCE

{05'0, 13%¢, 21 0) = {6570, 137} co, 1.0 38.¢ - 88,9 226 1.1x10%
N,,0,,C0 0.9 1.0x10™

HZO 9.33 JIx10%° 22

H, 0.13 1.5x10%? 22

H 0.t 1.1x10% 2

{050,13°9) = (650) co, 1.0 8.0 | -g8.9 | 226 | 7.5x10° 22

NZ.OZ,CO 0,9 6.8x10%° 22

Hzo 0.33 2.5x10 22

H; 0,13 9,8x10%% 22

H 0.1 7,510 2

(050,230, 2:%0) = (04°0, 12°0,20° 0} co, t.0 40,5 -177 451 2.3x10% 1,:18,22

N,.0,,C0 0.7 1.6x10% 1,15,22

N H,0 3.2 - 44,4 242 3.4x10V 1, 3,22

H, 3s.2 - 83,0 345 1.9x10% 18,22

K 0.9f 1.7x10% 22

(05%0,13%0,21* 0} » (64%0, 12°0) co, 1.0 0.4 ;77 451 2,ix10% 1,13,2

N,.C,,C0 0.7 1,5xi0% 1,15,22

H,0 33, HW 242 3. 1xio? 1, 3,22

H, 3s. - 83.0 345 1,7x10% 18,22

H 0.9t 1.5x10% 22

(05%,13) - (04%0, 12%0) co, 1.0 40.4 -177 451 2. 1x10% 1,15,22

N,.0,.C0 0.7 1.5x10%® 1,15,22

H,0 3.1 - 44.4 242 3.1x108 1, 3,22

H, 3S5.1 - 33,0 345 1,7x10% 13,22

H 0.9t i.5x10% 22

(059, 13%0) < (054 0) co, 1.0 19,9 -177 451 1.3x10% 1,13,22

N,.0,.CO 0.7 i 3,1x10% 1,15,22

1,0 32.6 - 43.4 242 1.9x10¥ 1, 3,22

H, 34,6 - 83,0 345 1. 1x10% 13,22

H 0.9t 1.0x10% 22

(05°0) = (0¢°0) co, 1.0 9.9 |17 s | 1.axio? 113,22

K,.0,.C0 0.7 9.1x1011 1,i3,22

14,0 32.6 - 44.4 242 1.9x10" 1, 3,22

H, 34.6 - 81,0 345 i, Ix10% 13,22

H 0.9 1.9x10% 22

{0st0,1310,21 01 ~ (03 G, 11%0) co, 1.0 3.2 ~157 L.2xi0* 22

N,.0,.CC 3.1 3.8x10% 22

L 27.9 - 44,0 242 1.7x10% 22

H, 0.8 1149 a1 | 3.0x10” 22

it 1.6d 4.8x10% 22

n50,13'0) +(03°0) co, 1.0 4.1 -137 . 1x10? 2

N,.G,.CO 1.1 1.3x10% 2

1,0 26.8 - 44,0 | x| ez 22

i, 3.5 149 451 1.0x10% 22

n 1.6d 1.6xl0t” 22
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TABLE IIT b

INTERMOLECULAR V-V ENERGY TRANSFER RATES IN CO2
REACTION 20/8 A 3 c %(1500°K) SOURCE
(02°0,10%0) + {00°0) - (01%0) + (01*2) 18 4.8 -08.0 233 3.5x10% 22
{0230) +190°0) ~ {03 0}+(01" 0) 18 4.8 +88,0 233 3.5x10* 22 '
030, 11 0)+{00°0) + (02°0,10°0)+(01'0) 9,9 3s.7 -88.2 233 8.2x10* 22
{0320, 112 0)+(00°0) « (0220}+(01*0) 12 35,2 -88.0 233 5.2x10" 22
(03%)+(00°2) = (02%0)+(01* 0} 12 35.2 ~86.6 233 5.2x10" 22 |"§
{04%, 12°0,20°0)+(00°0) + {03%0, 11* 0)+(01%0) 6 35.9 | -s8.0 233 | t.ox10 22 i:
04°0,12°0,20°0)+(00°0) - (02°0,10° 0)+(02°0, 10°0) 3 34,9 -89.0 234 3.8x10" 22
{04%, 1270)+(05°0) + (031 0,11 0)+(0120) 6 35,9 -88.0 233 1.0x10** 22
(04%0, 12°0)+(00%0) - (02°0)+(02°0,10°0) 9 33.8 -89.0 234 1.3x10%* 22
(9430, 12°0)+{00°0) = (03> 0)+(01% 0) 9 35.5 -88.0 233 6.9x10™ 22
(04*0}+(00° 9} = (03°0)+(01 0) 9 35,5 -88.0 233 6.9x10"* 2z
| (013 1)+(60°0) » (20° 2)+(01* 0) 36,9 24,1 -87.7 230 1.8x10" 22
(030, 11t 0)+{01% 0} = (02°0, 16° 0)+(02°0,10°0) 4.5 36.2 -88.0 232 1,4x10% 22
(03%0, 11 0)+(0110) + {0220, 10°0)+(02°0,20°0) 6,4.5 35,7 -88.0 233 4.3x10% 22
{0310, 112 0}+{012 0} = (02%0)+{¢2%0) 6 35.9 -88.0 233 1.ox10" 22
(03%0)+101* 0) = {0220)+(020) 5 35,9 -88.0 233 | 1.0x10% 22
{0320)+(01 0) ~ (02%0)+{02° 0, 10°0) 6 35.9 -88.0 233 1.0x19% 22
(04°0,12°0,20°0)+(01% 0) = {030, 111 0)+(0230) 3 36.6 -88.9 233 2,0x10% 22
(04°0,12°0,20° 0)+(01 0) » (03 0, 11 6)+{02°0, 10° 0} 3.3 36,7 -88.2 233 2,3x10" 22
(0430, 122 0}+{01%0) -A_(oa‘o. 1110)+(02%0) 3,9 36.6 -88.0 233 2,1x10¥ 22
(0430, 12*0)+{01% 0} =+ (031 0, 113 0)+(02°0, 1¢°0) 3 36.6 -88.0 233 2.0x10%? 22
(14°0)+{012 0) = (03%0)+(c2I) 4.5 36.2 -88.0 233 i.4x10" 22
(0640)+(011 6) = (0320)+{02°0,10°0) ’ 4.5 36.2 | -88,0 233 | l.axio® 22
(01 1)+{012 ) = (00° 1)+(02°0) 18 3¢.8 -88.0 213 3.5x10M 22
(01* 134(613 0) + (u0°1)+(02°0,10°0) 18 31,8 -88.0 233 1.5x101 22
{04°0, 12°0,20°0)+{02°0,10°0) = 2(03* 0,11 0) 1.5 37.3 -88.0 223 4,0x10%? 22
{0470, 12°61+(02°0, 10°0) +2(630, 112 0) 1.5 37.3 -88.0 233 4.0x10'? 22
(04%0, 12%0)+(02°0, 10°0) +(03°0)+(03%0, 11 0} 2.25 36.9 -88.0 21 2.8x10% 22
{040, 1223)+{02°3,10°0) - (02%0}+(04°0,12°0,20°0) 3.0 34.9 -89,0 234 3.8x10%? 22
(04 0)+{02°0, 10° 0) - (03°0)+{03, 110} 2,25 35.9 -88.0 234 2.8x104 22
{012 1)+02%0, 16°0) = {10° 1)+ (030 0,11%0) s 5.5 -86.0 223 §.9x10%* 22
(04*0,12"0,20°0}+{02%0) = (0310, 1% 0)+(03°0) 2 37.0 -88.0 233 3.ox10% 22
04°,12°0,20°0)+(0220) ~ (031 0,112 0)+{03% 0, 113 0) 2 37.0 -88,0 233 3.0x10" z2
(0470, 12 0}+{0270} = (03*0,1110)+(0310,11%0) 2 17.9 -88.0 232 3.0x10% 22
{0430, 1230)+(02%0) = (9310, 112 0)+03% ) 2.3 371.5 | -88.0 213 5.0x10%% 22
{0420, 122 0)+ {617 2) « (63°0)+(03%0) 3 3.6 -88.0 233 2.0x10%* 22
{044 0)+102%0) = (02701+(03°0) 3 36.6 -88.0 233 z.0x10% 22
(04* 0)+102%0) «+ (03°0}+(03' 0,113 0) 3 36.6 -88.6 233 2.0x10¥* 22
012 1)+(9230) « (007 1)+193°0) 12 35.2 -88.0 ) 5.2x10% 22
{011 1)+192%0) = {00° 1)+(03%0,11'0) 17 35.2 -88.0 231 $.2x10'* 22
(it 1)+, 1130} < (00° 1)+{04°0,12°0, 20° 0} § 35.9 -83.0 233 1.0x10'* 22
014 1)+0034 0, 112 9) (00 1)+ (0470, 1270) 6 35.9 -88,9 23 1.0xi0% 22
{01} 1)+(21"0) +{n0° 1} +(72%0) 12 38.2 -88.0 233 S.2xio"? 22
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/s A ! B 2 ¢ | 1500’ K | SOURCE
(U570, 15°0,210 0)4(00%) * (04°0, 12°0,¢C*0)+(01°0) ‘ - 880 o3 | s | 2
050,13 0,210) (007 ) = (34°0,12°0)+(C110) 4.5 36.7]- 08,0 | o33 | Laxiot |22
{05°0, 1332, 210 0)+(04* 0} = (04° €, 12°0,20°)+(02°0) 2.0 .0 f- 880 | 233 noaaert ]| 22
05°0,13% 3,21 )+ (01'9) +{04°0, 120,207 0)+(02°0,10°C) 7.0 3.4 88.0 | 233 | d.0ad0 | 22
(050, 13%¢, 213 1)+ (01° 9} + (040, 12-0)+(0.°0) 2,25 | 36.¢f-88.0 § .7 ! ozexid® | 22
(052 0,13 2, 21° 9}+ (01 Q) = (043G, 127 0)++2%, 1070) 2.2% 36,91 - 68,0 33 ] e 22
05°0,13 3,21 )+ (023 0) ~ (04°0, 127 0,20 0)+(03%) 1.33 3 37.40-88.0 | 233 | amadett | 22
05°0,13' 7, 21° )+ (0270) = (04°0, 12°0,20°0)+{0310, 111 0) 1.33 | 37.4l- 63,6 | 293 | 47 ¢ 22
050, 131 3, 21° e (02%0) = (04%, 12%0)+(02°0) 1.5 1 373 1-88.0 | 233 | s.ax1e™ | 22
(05*0, 1370, 2136)~{02%0) = (040,120} +(03%0, 11* 0} 1.5,3] 37.5 ;- ge.0 232 | s.2x207 22
(05'0, 13 ¢, 21%0)+ (02°0, 10°0) = (04°6, 1270, 20°U)+(03%0, 11°0) 1.3 7.8 | - §8.0 231 | 7.1x20% 22
] {0529, 191 2, 2% €3+ {02°0, 10°0) = (04°0, 12%0)+ (0336, 1 1%0) 103 | 7.6 {-es0 | 233 | s.axae® 22
(050, 13'0,21%0)+(03%0, 12%0) = 2(0470, 120, 20°0) .67 | 8.1 {- 88,0 73t | 9.6x10% 22
{059, 1210,21%0)+{02%0, 12%0) = (04°0, 12°C, 20°0)~(C4° 0, 1 2°0) 6.67 | 28.1 1. gg.n 233 | 9.6x10° 22
05%6, 130, 21° 6)+(05° 5) +(04°0,12°0,20°0)+({04%0) 1 g 37.7 | - 88.¢ 237 | 6.4x12P 22
(05%0, 130,21} )+ (0370) = 2(04%, 12%0) 103 ) 37,6 |- Ba.0 235 | S.7x10%? 22
(05°0,13%€)4 (007 L) = (0470, 12°0)+ (1% 0) 4.5 26,2 - 33.0 232 | l.éxio®? 22
{050, 13 €)+ (007 3) + (04* 0)+ (01 0) 7.2 | 35.7 P-es0 | 223 | 3.7k | 22
(65%0, 137 2)+(01-9) «(04*0, 122 9)+(02°0, 127 %) 2.25 | 36.9 | - sa.0 333 | 2.8x20% 22
(05%0,13°0)+ (01 7) = (05* 0)+(92°0,10%0) 1.6 36.4 | - 83,0 231 | Lo7xagt® 22
{05%,13°C)+ (613 9) » (6470, 327 0)e (62°0) 2.25 | 3605 |- reo | 230 | z8a2?® | 22
(05%,13%0)+ (011 £} = (04% 0)+(02%0; 1.6 35,4 | - ge.0 233 | L7xic® 22
(0520, 13%C)+(02° 4, 19°0) = (6476,12°9)- (5330, :1% D) 1,13 | 37.6 | - 28,0 233 | S.7x10° 2z
050, 13%0)+102°%,10° %) = (04 0)+ (03} 2, 1.+ 9) 3.6 | 26.4 {-zs0 | 233 | L7x® ] 22
{0530, 13%0)- (02 %) (647 0,122 0)+ (625,12 O) 1. 137.2 |- gs.0 23t | .9x18°° 2
{05°¢, 13°0)+ (02° 71 +(04°0,12%0)+(03*7) 0.5.31 3 |- 4500 23 | 3.3x103% | oz
(0579, 13°6)+(02°9) » (04° 01 +(93%0, 12 %) 2.4 |68 [-8se ) 23 | 260t |22 .
057, 13°0)-(02%) < (04*0)-{02'6) 2.4 | 36.8 35.0 | 237 { 2.6x10* 22
©5%0)+(00° %) + 04*0)+31°0) 7.2 las.s | -23.0] 233 {e.rmaed | 22
(©5°6)+(01° 9) = (1,5*0)+ (227 6) 3.6 |26.s |- 2w ] 233 1o | 22
(©5°0)+{016) + (03°0)+(42°2, 10°0) 3.6 (6.4 |-220] 233 oo | 22
©05%0)+(02%) =+ (04 0)+(03*0, 11*0) 2.4 [36.3 |- .0 233 |2.6x0” | 22
(05 °0)+(02%) + (541 193" 2.4 |68 |-8s.0] 233 |2.6xion | 22
05°09(02°4,10°%) +(@4* 01+ (53'0, 112 0) 1.8 37,1 [ -ee0} 213 |3.4xie | 22

o




TABLE IIT ¢ ;

SCRAMBLING ¥ REACTIONS 1N co

2

REACTION Z A B c L{1500°K) SOURCE

(02°0,10%0)+{010) + (01* 0)+(02%0) 3 35.5 -8C.0 213 6.9x1012 2 ;

(oa‘o.n‘o)*(oz°o.w°0)*(oz’omoa*o,u*o) 4 36.3 _gago 231 1'5 104 : 5

k 03%5,11%0)+ 02 0) ~+ (92 0)+(93%0) 4 36.3 -aa.o 131 l.sx; 1 *

(0370, 11100+ 02°0) < (070, 10° 0l4133°0) 3 36.6 -ae.o 233 |2 .oxlz" .

4 (03%0,1:-0)+(02%) + (02°0, 10°0)+(03%0, 11%0) 3 36.6 -aa.o 233 2°0xmn 2 —

- (04°0,122°0,20°0) + (030,223 0) - {330,112 0)+{p4%, 12%) H 37,7 -33’0 213 s-ox‘on -

E (04%0,12% 0)+(03%0, 11%0) = (03°0)+(04%. 12%0) Ls 37.4 -88 .o 233 4 .ox;ou - “
- (04%, 1270)+(03:0, 11%0) « (05°0)+(04%0, 12°, 10°9) .5 37.3 ~es:o 233 4’:,0;: -
j (04°3,12°0,20°0)+(03%) = (03%0, 110)+(04%0} 1.5 37.3 -88.0 423 4.0:0:; 32

. (04%0, 12%0)+(03%) +(03% 0, 1130)+(04%0) 1.5 37.3 -28.0 ;33 ;:mu * bS

E {040, 12°0)+{03%0) + {03°0)+{04%) 2.25 35,9 -88.0 233 z.axm‘a .

104%.12°0)+(03"0) + (03*0, 1 130)+(04%, 1 270) 1.5 37.3 -88 ; 233 4.0:10“ z %

. . E

I Reactions involving changes only in the quantum no, £
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¥~T AND INTRAMOLECULAR V-V ENERGY EXCHANGES IN SPECIES OTHER THAN CO

TABLE il d

2 4
; 1
REACTION M o A 5 ¢ k(1500°K) SOURCE i
H,0{01¢) * H,0(020) H,0 1.0 [ 52,6 | -363 {1462 1.ox10t? 33-37 g
N,,0,.C0 48,5 | -243 ey 4310 37 ; E
co, 50.8 | =200 813 2, 3x10% 37 ;
H, 35.2 | - 1400 6.0xi0t4 37 iF
H 1.4% 8.4x10t8 3re z
H,0{020) +H,0(010) H,0 3.5 | -363 1452 2.0x10%4 33-37 ; ?
N,,0,.C0 45,2 1 -243 | ssg 9.8x10" 3= :
co, 51,8 ~300 813 4.6::20% 37 i
H, 35.2 | - 14.0 6.0x10%4 3re
H 1.4% 8.4x10%4 e .
H,0(001) = 1,G(200) H,0 1.6 | s5.1 [ ~-522 |1599 S, sxlo 37
N,.0,,C0 53.9 | -¢s1 113 1.2x10° 37 .
co, 55.8 | -S12 |13s4 2.1x10° 37 .
H, 46.5 | =273 |10s9 2.3x10™ kD
u 4.7 | -224 | 939 1.0x10!* a-
H,0(100) + H,0(600) H,C 1o | s8.6 | -sa1 |2084 6.4 x 10" th
N, 9,.CO 55.3 | -435 |1079 1.3 % 16 37
co, s7.7 | -s03 |13m z.ax10° ¥¥ Yo
Hy0 $8.6 | -541 [2084 6.3 x 10" 37
H, 7.2 | <229 | az; 3.4x10" a- o
H 46.6 | -218 [ 920 5.4 x 10™ 3" :
1,0(961) *1i,0(100) 1,0 3.0 [ 36.9 | -88.7] 250 3.1x10% 2232 . b
N, 1.4 4.3x10% 22
H, 0.6 1.9x10% 23 : ‘
co, 1.7 5.3x10V 22 S
H 0.5 1.3x100 22 Cdd
N, D) +N,(0) H 2a$ 1.8x10M 2 |
%,,0,,CO 1.0 | a2.2 | -292 1.8x107 1,22 ‘ ;
co, 0.14 2,5x10° 1.22 B
H,0 38.3 | -124 3,5x10% 1 :
H, 32,7 | - 90.2 v.0x10% 1.4
G ¥,.0,,C0 1.0 | 42,9 | -292 3. 6x107 1,22
co, 0.14 s.ox10® 1.22 o
K,0 39.0 | -124 1.7x10" 1.22 feod
H, 3.4 | - 50.2 1.2x10v t,4,22 : )
H¥ 3.1 3.6x101 22 o
0,(1) +0,(0) N,,0,.C0 1.0 | 36.6 | -158 7.8xi0° taz | ot
co, 0.2 2.&x10? 1,22
H,0 42,6 | -12¢ 6.2x10% 1.43
H, 33,0 | - 56.6 6. 4x10% 88 .
" L7 11x1e? 22 :




TABLE III d (continued)
V-T AND INTRAMOLECULAR V-V ENERGY EXCHANGES IN SPECIES OTHER THAN GO,

REACTION

4

It

M & A 8 C k(1500%K) SOURCE
0,(2} +0,(1) N .0,.00 1.0 | 32,3 ] -158 1.6x10" 1,22
co, 0.3 4.8x10° 1,22
H,0 3.3 | -124 1.3x10%* 1,22
H, 33,7 | - e6.5 1.3x10% 83,22
| H 1.7 2.2x10? 22
CO(1) 4O (0) co 1.6 | 412 | -244 4.3x10° 23-27
N,.0, 42,0 1 -289 1.1x207 27,22
H, 37.3 | -176 383 1.1x10% 27
H,0 24,3 | +146 |1246 9.5x10M 40
H 44,4 -164 1.1x10% 32
colz) <col) co 1.0 | 4109 | 244 8.7x10° 24-27,22
N_.0, 43.2 | -289 6.3x107 27,22
H, 38,6 | -176 | 2383 2.2x109 27,22
H,0 25,0 | +146 |-1246 1.9x10% 40,22
H 45.1 | -164 2.3x10% 32.22
OH(1) +OHE(0) OH 42,0 -243 | 742 3.5x10% 6
N, 1.6 | 39.3| -210 1.3x10° 3
02 3.0 37
co 1.0
co, 7.0
H,0 60
“zm ‘“zm’ H, 1.0 10.4 -227 $29 3,2x10% 57,%8,59
¥,.0,,C0 0.03 4.2x10% % i
co, 0.07 3.6xi0" 2 |
s 2.2 1.1xto:? 22
5,0 0.23 1, 2x10% 22
3

e




avZ S
- * bl :
CO(U*N2(0; "CO(OHNZ(I; y EPh - -3
®2(00°l)0(50(0) ‘C02(00°0)+C0(l) 8 28,7 0.0 - 153 4.5x10% 14
COZ(OIl 1)+C0(0) 4002(01" 0)4CO(1) 9 28,7 0.0} -~ 153 4.5x10% 14,22
H, (1)+H,01000) < H, (0}+H,0(100) 9 39.1 ~-138 380 1.7x19%? 22
HZO(OOUQOH!O) -OHZO(OOO)*OH(I) 9 36.5 - 82.5 16.9 | 3.4x1o™ 22

Notations:

b Measured Relative to kH .
H

. Colltsion Fraquency

*e

-t
Molecular wt. of collision partaer {H,0) sct to 1/0% = 3.96 In cquatlon
for P ot account for R~V intecoction Energy exchanged by single quantum

stepd
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TABLE IVa.

ALTERNATE TABLE OF RESONANT INTERMOLEGULAR V-V
ENERGY EXCHANGE RATES AMONG CO, MOLECULES

RERCTION Z0/8 A B c k(1500°K) 3OURCE
{m2p) + {060) = {mlp) + (010) 18 34.8 -88.0 233 3.5x10*? 22
(m3p) + (9C0) ~ {m2p) + (010) 12 35.2 -88,0 233 5.2x10%? 22
{m4p) + (000} - {m3p) + (010) 9 35.5 -88.0 233 6.9x10* 22
(mSp) + (000) = (mdp) + (010) 7.2 35.7 -88.0 233 8.8x10% 22
(m6p) + (000) + (mSp) + (010) A 35.9 -88.0 233 1.1x10%3 22
{(m3p) + (010) = (m2p) + (020) 6 35.9 ~88.0 223 l.1x10* 22
{mdp) + (010) = (m35) + 20} 4.5 36.2 -88.0 233 1.4x10% 22
(mSp) + {010) - (mdp) + (020) 3.6 36.4 -88.0 233 1.8x10% 22
{mép) + (010) + (m5p) + (020) 3 36.6 -88.0 233 2,2x10" 22
(m4p) + (020) ~ (m3p) + (030) 3 36.6 -88.0 233 2.2x10% 22
(mSp) + (020) = (ndp) + (036) 2.4 36.8 -88.0 233 2.6x108 22
(mép) + (020) ~+ (m5p) + (030) 2 37.6 -88.0 233 3.2x10%? 22
TABLE 1Vb,
RESONANT INTERMOLECULAR V-V ENERGY EXCHANGE RATES BETWEEN
SYMMETRIC STRETCHING MODES OF CC)2 MOLECULES
REACTION 20/5 A B o] k(1500°K) SOURCE
(1npj + (060) = (0np) + (100) 9 34.2 -88.0 233 1.9x10%? 22
{1np) + (010) ~ (0np) + (110) 9 34.2 -88.0 232 1.9x10% 22
(1ap) + (020) - {Onp) + (120) 9 34.2 -88.0 233 1.9x10* 22
(inp) + (100) = (onp) + (200) 4.5 34,5 -88.0 233 3.3x10" 224
{1np) + (030) -+ 0np) + (130) 9 34.2 -88.0 233 1.9x10'? 22
(inp) + (110) < (9np) + (210) 4.5 34,9 -88.0 233 3.8x10°* 22
(mn1) + (000) ~ (mn0) + (001) 9 32,5 -88.0 233 3.5x10% '22
(mn1) + (010) +(mn0) + (011) 9 aa.s -88.0 233 3.5x10M 22
(mn1) + (C20) = {mn0) + (021) 9 32.% -88.0 233 3,s5x10t 22
{mn1) + (100) = (mn0) + (i01) 9 32.5 -88.0 233 3.5x10M 22
{mn1) + (030} =»(mn0) + (031) 9 32.5 -88,0 233 3.5x10% 22




TARLE V
EINSTEIN COEFFICIENTS FOR SPONTANEQUS

EMISSION
Wavelength

REACTION Afsec™?) LIFETIME(ms) (nicrons)  wlcm™)
, COZ-(OP' 0) » COZ(OGO 0) 2.98 335 14,98 667.4
- COZ (00° 1)+ 002(000 0) 424.6 2.4 4,2v 2349.2
E: COZ(OT’]) -+ COZ(OUO 0) 11.4 88 2.75 3634.6
=
é:; COZ(lOOi) - COZ(OOO 0) 17.9 56 2.68 3737.4
: CO2 (03t 0)- C02(06° 0) .0022 460828 5.17 1932.5
CO, (112 0) + €O, (00° 0) .G 166 60147 o . 4.8 2076.9
; cof2) +» Colo) (‘).9 1098 2.35 4260
co@) + Colo) 33.4 29.9 4.67 2143
i co(2y » COf) 62.0 16.1 4.73 2116

820(010) -+ HZO(QUO) 22,1 45.2 6.27 1595.0
HZO(OOU - HZO(OOO) 74.7 13.4 2.66 3755.6
Z H2 0000) -+ HZO(OOO) 4.0 250 2.74 3651.2
;; OH (1) + Oit(0) 3.3 x 300 -~ 2.71 3682

Source
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